The techniques of resonant two-photon ionization ͑R2PI͒, UV-UV ͑ultraviolet͒ hole-burning, and resonant ion-dip infrared ͑RIDIR͒ spectroscopies have been employed along with density functional theory ͑DFT͒ calculations to assign and characterize the hydrogen-bonding topologies of two isomers each of the benzene-͑water) 8 and (benzene͒ 2 ͑water) 8 gas-phase clusters. The BW 8 isomers ͑Bϭbenzene, Wϭwater͒ have R2PI spectra which are nearly identical to one another, but shifted by about 5 cm Ϫ1 from one another. This difference is sufficient to enable interference-free RIDIR spectra to be recorded. As with smaller BW n clusters, the BW 8 clusters fragment following photoionization by loss of either one or two water molecules. The OH stretch IR spectra of the two BW 8 isomers bear a close resemblance to one another, but differ most noticeably in the double-donor OH stretch transitions near 3550 cm
I. INTRODUCTION
Many of the unusual properties of water arise out of its special ability to form networks of hydrogen bonds in which individual molecules act simultaneously as both hydrogen bond donor and acceptor. In ice, this hydrogen-bonding versatility produces an unusual number of structurally distinct phases which form with changing temperature and pressure. 1 The hydrogen-bond coordination number in all such phases is four, with each water molecule donating its two hydrogens to hydrogen bonds ͑H-bonds hereafter͒ and accepting two others from its neighbors. Even in liquid water, the average coordination number is near four. 2 However, at the surfaces of liquid water, ice, and aerosols, in aqueous solutions containing nonpolar solutes, and in other restricted or waterdeficient environments, water molecules with unoccupied Hbonding sites will be prevalent. The preferred structures, the degree of cooperative strengthening, and the magnitude of the dynamic coupling in such H-bond-deficient networks are largely unexplored. Yet, it is precisely in such environments that water takes on unusual properties both as solvent and as reaction partner.
Recently, spectroscopic studies of gas-phase water clusters have provided new insight to the structures, energetics, and dynamics of networks of H-bonds. 3 In this regard, the study of water clusters above the pentamer is particularly important because it is for these larger clusters that threedimensional structures are energetically favored over simple cyclic structures. 4, 5 The water octamer presents a new H-bonding structural motif that is calculated to be strongly favored over all others; namely, a H-bonded cube. The water octamer was first studied by Stillinger and David 6 using a polarization model. These authors reported a hexagonal icelike structure, containing nine nearly linear H-bonds. Since then, however, both ab initio [7] [8] [9] [10] [11] [12] [13] and model-potential [13] [14] [15] [16] [17] [18] [19] calculations have predicted that the lowest energy structure of the W 8 cluster is nominally cubic with the oxygen atoms of the water molecules taking up positions at the corners of the cube. There are 14 cubic W 8 isomers, each containing 12 H-bonds that differ primarily in the orientations of the H-bonds. 20, 21 As shown in Fig. 1 , two of these cubic structures, with S 4 and D 2d symmetry, are calculated to be about 2 kcal/mol more strongly bound than the next nearest cubic isomer. 13 The S 4 and D 2d structures may be viewed as a fusion of two cyclic tetramers which are bound together by four of the eight ''dangling'' O-H groups on the cyclic tetramers. The eight water molecules which occupy the corners of the cube are all tri-coordinated, four as double acceptor-single-donor ͑AAD͒ and four as single-acceptor-double-donor ͑ADD͒ sites. The S 4 and D 2d isomers differ primarily in the direction of Hbond donation in the tetramer sub-units, with donation occurring in the same direction in the S 4 species ͓Fig. 1͑a͔͒ and in the opposite direction in the D 2d species ͓Fig. 1͑b͔͒. 12, 13 Beyond the intrinsic beauty of these cubic structures, their study has several motivations. First, the fact that all water molecules in cubic W 8 are tri-coordinated raises the prospect of studying tri-coordinated water molecules free from the tetrahedrally coordinated ones that dominate bulk water and ice. Previous studies have identified these tricoordinated molecules at the surface of ice [22] [23] [24] [25] [26] using Fourier-transform infared ͑FT-IR͒ spectroscopy and at the vapor-water inferface 27 from vibrational sum-frequency generation spectroscopy. Second, the cubic water octamers have been proposed as ''building blocks'' for larger cubic and cuboid structures 13, 28, 29 which are among the lowestenergy structures for W 12 , W 16 , and W 20 . Third, the study of gas-phase clusters of benzene and water can provide benchmarks against which the accuracy of current and future H 2 O-H 2 O and C 6 H 6 -H 2 O intermolecular potentials can be tested. 13, [30] [31] [32] [33] Much work is currently focusing on the importance of many-body terms in these potentials and their effects in cooperatively strengthening the H-bonds in Hbonded networks. Determination of accurate many-body potentials for these systems is essential for better understanding of the molecular-scale interactions that are manifested in many condensed phase properties of water and its solutions with other molecules, including proteins.
The experimental study of small water clusters 3, 5, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] is complicated by ͑i͒ the range of cluster sizes produced in supersonic expansions, ͑ii͒ cluster fragmentation following ionization in mass-selected studies, and ͑iii͒ the increasing number of isomers which can be formed as the cluster size increases. Several clever routes to overcome these difficulties have been put forward, including careful isotopic concentration studies, 3, 5, [40] [41] [42] [43] scattering methods, [44] [45] [46] and massselected double-resonance methods. 4, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] Our group has addressed the issues of neutral cluster size selection by forming benzene m -(H 2 O) n clusters ͑denoted B m W n ͒ and recording their size-and conformation-selected IR spectra in the OH stretch fundamental region using the technique of resonant ion-dip infrared spectroscopy ͑RIDIRS͒. 4, 12, 47, [58] [59] [60] [61] By incorporating a benzene molecule into the cluster as a weakly interacting, surface-attached probe molecule, individual vibronic transitions of a given size and conformation can be interrogated with both mass and wavelength selectivity using resonant two-photon ionization ͑R2PI͒ time-of-flight mass spectroscopy ͑TOFMS͒. 62, 63 Furthermore, hole-burning spectroscopies 12, 59 have been employed to divide complex R2PI spectra into component parts arising from different species present in the same mass channel. The infrared spectra of each of these species can then be recorded free from interference from one another using RIDIR spectroscopy.
The RIDIRS technique provides substantial insight to the H-bonding topology of the clusters. Because the OH bond vibrates directly against the H-bond, the vibrational frequencies and infrared intensities of the OH stretch fundamentals are sensitive functions of the number, type, and strength of H-bonds in which each OH group participates. In liquid water and ice, where OH groups experience a wide range of different H-bonding environments, the OH stretch infrared absorption is spread over more than 700 cm
Ϫ1
, extending from 3000 to 3700 cm Ϫ1 . 1, 64 By studying expansioncooled, gas-phase BW n clusters of known composition, it is possible to resolve the individual OH stretch transitions of a single H-bonding configuration, determine their spectral signatures, and probe the magnitude and strength of the coupling between OH groups in the network. Recent studies from our group have employed RIDIR spectroscopy to record such size-selected IR spectra of smaller BW n clusters. 4, 12, 47, 58 In all cluster sizes studied, the water molecules were bound together in a single aggregate and attached to benzene by a H-bond between a dangling OH on the W n sub-cluster and the cloud of benzene.
In this paper, we present the UV and IR spectral signatures of two isomers of the water octamer complexed to either one or two benzene molecules. A brief report of the BW 8 results has been published elsewhere. 12 Here we give a more detailed analysis of the BW 8 spectra, present and analyze the calculated structures and vibrational frequencies, and extend our experimental work to include the analogous spectra of B 2 W 8 . Through comparison with calculated vibrational frequencies and infrared intensities, we have assigned the carriers of the observed spectra as the S 4 and D 2d symmetry cubic water octamers of BW 8 4 and D 2d W 8 species differ primarily in the orientation of hydrogen bonds within the cubes. Hydrogen-bond donation in the two tetramer cycles occurs with the ''same sense'' in the S 4 structure and the ''opposite sense'' in the D 2d structure.
II. METHODS

A. Experiment
The experimental apparatus employed in this work has been described previously. 62 Cold, gas-phase B m W n clusters were produced by supersonically expanding a mixture of benzene and water vapor in Ne-70 ͑70% neon and 30% helium͒ from a pulsed valve of 0.8 mm diam operating at 20 Hz. The cluster size distribution formed in the expansion was controlled by adjusting metered flows of Ne-70 over the room temperature, liquid samples. Typical sample concentrations in the expansion were 0.3%-0.8% benzene, and 0.4%-1.0% water in a balance of Ne-70 at a total pressure of 2 bar. B m W n clusters were resonantly ionized by the output of a Nd:YAG-pumped ͑Continuum, Powerlite 7020 series͒, doubled-dye ͑Lumonics, Hyper-Dye 500͒ laser operating at 20 Hz. The tunable output ͑0.4-1.3 mJ/pulse͒ was propagated through the ion source of the TOFMS in a 1 mm diam, collimated beam. One-color R2PI spectra were taken by gating around the arrival times of BW n ϩ clusters (nϭ5 -8) and recording the integrated ion intensity present in those gates as a function of laser wavelength, using a digital oscilloscope ͑LeCroy 9400͒ interfaced to a personal computer. UV-UV hole-burning spectroscopy was used to dissect the R2PI spectrum in a given mass channel into sub-spectra due to individual species. To that end, the output of an excimer-pumped doubled-dye laser was used to remove a significant fraction of the population from a selected ground state by setting its wavelength to a chosen feature in the R2PI spectrum with power sufficient to partially saturate the chosen transition ͑0.6-1.8 mJ UV/pulse͒. A second UV laser crossed the molecular beam 1 cm downstream from the first and was delayed in time by 12 s. This laser was tuned through the R2PI spectrum while the difference in ion signal from the probe laser with and without the hole-burning laser present was recorded. Transitions sharing the same ground state as the one probed by the hole-burning laser were detected as depletions in the ion signal.
RIDIR spectra in the OH stretch region were recorded using a method similar to that described previously. 4, 12, 47, 58 The pulsed, near-IR output ͑1.5 cm Ϫ1 resolution͒ of a Nd:YAG-pumped LiNbO 3 optical parametric oscillator ͑OPO͒ 58 was spatially overlapped with the UV laser used for R2PI, but preceding it in time by about 200 ns. With the UV laser fixed on a selected cluster's S 1 ←S 0 6 0 1 transition ͑due to the benzene molecule in the cluster͒, the ion signal in the mass channel of interest was monitored as a function of OPO wavelength. Any infrared absorption occurring out of the same ground state as that monitored in R2PI was detected as a depletion in ion signal. In contrast to previous studies, the RIDIR spectra reported here were taken using active baseline subtraction ͑ABS͒. By firing the pulsed valve and UV laser at 20 Hz and the IR laser at 10 Hz, a gated integrator ͑Stan-ford Research Systems͒ recorded the difference in ion signal between alternating UV laser pulses, one with and one without the infrared light present.
B. Theory
Over the past few years, considerable progress has been made in developing a good understanding of the strengths and weaknesses of various theoretical methods for describing hydrogen-bonded systems. It is now clear that inclusion of electron correlation and the use of sufficiently flexible basis sets are essential for such studies. Both the MP2 ͑second-order Moller-Plesset͒ method and density functional theory ͑DFT͒, particularly when used with the Becke3LYP ͑LYP: Lee, Yang, Parr͒ functional, [65] [66] [67] have been found to be quite useful for calculating structures and OH stretch vibrational frequencies of small water and methanol clusters [68] [69] [70] [71] [72] and BW n clusters with nϭ1 -3.
73 MP2 calculations of the structures and vibrational frequencies of BW 8 would be computationally prohibitive, and, for this reason, we have used the Becke3LYP density functional method in this study. Prior studies 73 have shown that Becke3LYP calculations give structures and OH stretch frequency shifts for W n and BW n close to the corresponding MP2 results.
The majority of the calculations made use of a ''mixed'' basis set-6-31G(d) 67, 74 on the benzene and 6-31 ϩG(d) 67, 74, 75 on the water molecules. This mixed basis set, denoted 6-31ϩG(d)/6-31G(d) to indicate the greater flexibility on the water portion, supersedes the 6-31 ϩG͓d,p͔/6-31G(d) basis set used in our earlier, preliminary report on BW 8 . 12 This switch in basis sets is motivated by the finding that Becke3LYP calculations with the 6-31 ϩG(d) basis set more closely reproduce the experimentally observed trends in the OH stretch frequencies of small water clusters than do Becke3LYP calculations with the 6-31 ϩG͓d,p͔ basis set. Limited results obtained using the 6-31 ϩG(d) basis set on both the water and benzene molecules are also reported.
Density functional methods are generally less sensitive to the atomic basis set than is the MP2 method. 76 Indeed, for W 2 , W 3 , and W 4 we have found Becke3LYP calculations with the 6-31ϩG(d) basis set give OH stretch frequencies very close to those obtained from Becke3LYP calculations with the much larger 6-311ϩϩG(2d f ,2pd) basis set. 77 The geometry optimizations on the D 2d and S 4 , W 8 clusters were carried out exploiting their symmetries. However, the optimizations of the corresponding BW 8 clusters were carried out in the absence of any constraints. The vibrational frequencies of the optimized structures were calculated in the harmonic approximation by use of analytical second derivatives. The electronic structure calculations were performed with the GAUSSIAN 94 program package. 78 As is well known, finite basis set calculations on weakly bonded species are subject to basis set superposition error ͑BSSE͒, 79 which tends to cause binding energies to be overestimated. In this study we make use of the standard counterpoise procedure 79 in order to obtain the BSSE correction to the binding energy of benzene to W 8 as well as for the total binding energy for W 8 (D 2d 
III. RESULTS AND ANALYSIS
A. R2PI spectra
One-color R2PI spectra were recorded in the 6 0 1 ͑Fig. 2͒ and origin ͑Fig. 3͒ regions of the S 1 ←S 0 transition of benzene. Scans monitoring the BW n ϩ mass channels with n ϭ5 -8 are shown in Figs. 2͑a͒-2͑d͒ and 3͑a͒-3͑d͒, respectively. The 6 0 1 frequency shifts, 6 0 1 splittings, and relative origin to 6 0 1 intensities for these clusters are given in Table I 63 primarily in using 70% Ne in helium as carrier gas rather than helium. The assignments of the BW 6 and BW 7 transitions in the BW 5 ϩ and BW 6 ϩ mass channels are those deduced in earlier work.
63 R2PI spectra acquired in the 6 0 1 region ͑Fig. 2͒ differ from those taken at the origin region ͑Fig. 3͒ in several ways. First, each transition in the origin region is split into a doublet at 6 0 1 due to the loss of degeneracy in 6 (e 2g ) induced by complexation to W n . Second, the 6 0 1 transitions of the clusters are over an order-of-magnitude more intense than the origin transitions since intensity at the electricdipole-forbidden origin is only weakly induced by the symmetry-breaking effects of individual water clusters on benzene. Third, fragmentation of the BW n clusters following photoionization is greater at 6 0 1 than at the origin, reflecting the extra 1040 cm Ϫ1 of energy which could be imparted to the cluster in the one-color R2PI process.
Previous R2PI studies on smaller BW n clusters, 62, 63 benzene-͑methanol) m clusters, 80 mixed benzene-͑water) n -(methanol) m clusters, 81 and indole-W n clusters 82 have shown that fragmentation of the neutral clusters following photoionization by loss of one or more water or methanol molecules can occur, complicating the assignment of a set of transitions in a particular mass channel to a given neutral cluster size. Figure 4 displays histograms of the amount of fragmentation occuring in one-color R2PI studies of BW n clusters with n ϭ1 -9. For clusters with up to five water molecules, there is efficient fragmentation by loss of a single water molecule. In fact, BW 1 and BW 2 are the only clusters with measurable ion signal in the parent mass channel. 62, 63, 83 In BW 6 and BW 7 , loss of a second water molecule also is observed, suggesting that an energetic threshold to this process is being reached at nϭ6. This additional fragmentation in BW 6 and larger clusters accompanies the change over from cyclic water sub-structures in smaller BW n clusters to threedimensional H-bonded networks in BW n with nу6. 4, 47, 84 The efficient fragmentation of the clusters following photoionization arises because the ionized cluster has a very different lowest-energy structure than the H-bonded structure taken up by the neutral. 85 The Franck-Condon factors to the adiabatic ionization threshold are then very poor, hindering two-color R2PI and producing ionized clusters with substantial internal energy, which can subsequently fragment.
If BW 8 clusters fragment similarly to BW 6 and BW 7 upon photoionization, then they will lose either one or two water molecules and appear in both the BW 7 ϩ and BW 6 ϩ mass channels, respectively. The R2PI spectra at the origin ͓Figs. 3͑b͒ and 3͑c͔͒ identify four transitions 66.5, 71.3, 73.8, and 78.2 cm Ϫ1 above the S 1 ←S 0 origin of benzene which appear only in the BW 6 ϩ and BW 7 ϩ mass channels. These spectra have benzene concentration dependences similar to other single-benzene clusters, and are thereby assigned to BW 8 . The single transition at ϩ61.8 cm Ϫ1 which appears in the BW 6 ϩ and BW 5 ϩ mass channels ͓Figs. 3͑c͒ and 3͑d͔͒ is tentatively assigned to a second isomer of BW 7 . Further discussion of this species will be taken up elsewhere. 86 As the concentration of benzene in the expansion was increased from 0.3% ͓Fig. 2͑b͒ BW 7 ϩ ͔ to 0.6% ͓Fig. 6͑a͒ BW 7 ϩ ͔, several transitions grew in intensity relative to those assigned to B 1 W n species. Two of these transitions, at ϩ45.1 and ϩ49.8 cm
Ϫ1
, show a similar spacing and intensity profile to the most intense transitions assigned to BW 8 , but are shifted about 20 cm Ϫ1 to the red ͓Fig. 3͑b͔͒. These transitions appear primarily in the BW 7 ϩ and BW 8 ϩ mass channels, but also are observed in the B 2 W 6 ϩ mass channel and are thereby assigned to the B 2 W 8 cluster. The appearance of the B 2 W 8 transitions in the BW 7 ϩ and BW 8 ϩ mass channels indicates that, with two benzene molecules present in the cluster, fragmentation following photoionization typically involves loss of a benzene molecule either with or without water loss, respectively. It is not surprising that benzene would be selectively lost from the photoionized cluster, since the least strongly bound molecule in the B 2 W 8 cluster will be the neutral benzene if the positive charge is localized on the other benzene molecule. As we will see shortly, the holeburning and RIDIR spectra provide a further basis for this assignment. transitions assigned in Sec. III A to BW 8 cleanly divide under hole burning into two sub-spectra, indicating that there are two isomers of BW 8 present. The spectrum of each isomer consists of a doublet ͓centered at ϩ66.5 cm Ϫ1 for BW 8 (I) and at ϩ71.4 cm Ϫ1 for BW 8 (II)͔ and a weaker second doublet 7 cm Ϫ1 to the blue, tentatively assigned as a combination band involving a low-frequency intermolecular vibration.
B. UV-UV
The ultraviolet ͑UV͒ spectra of the BW 8 isomers suggests that the isomers are close structural analogs of one another. First, the frequency shifts differ only by 4.9 cm Ϫ1 out of ϳ38 000 cm
Ϫ1
. Second, the identical 6 0 1 splittings ͑2.2 cm Ϫ1 ͒ indicate that in both isomers the W n entity induces similar asymmetry in the benzene molecule. Third, the isomers show the same intermolecular structure. Finally, the isomers fragment with similar efficiencies into the BW 6 ϩ and BW 7 ϩ mass channels. Yet, while the spectra of the two isomers are very similar, they are quite different from those of BW 6 and BW 7 , implying that the BW 8 species are structurally distinct from BW 6 and BW 7 . The S 1 ←S 0 electronic frequency shifts for the BW 8 isomers ͑ϩ66.5 and ϩ71.4 cm Ϫ1 ͒ are much less than those for BW 6 ͑ϩ117 cm Ϫ1 ͒ and BW 7 ͑ϩ138 cm Ϫ1 ͒ clusters. Furthermore, the extent of fragmentation following photoionization ͑Fig. 4͒ decreases in going from BW 7 to BW 8 . Such a reduction is consistent with a W 8 H-bonded structure in BW 8 which is more stable than the corresponding W 7 structure in BW 7 , and thereby less easily broken apart following photoionization.
B 2 W 8 isomers
UV-UV hole-burning spectra collected in the BW 7 ϩ mass channel near the 6 0 1 transition of benzene are shown in Figs. 6͑b͒-6͑e͒. The corresponding R2PI spectrum of this mass channel is shown in Fig. 6͑a͒ for comparison. The holeburning spectra of Figs. 6͑b͒-6͑e͒ are recorded with the ultraviolet hole-burning laser tuned to transitions 1, 3, 4, and 5, respectively. Each of these transitions produces a holeburning spectrum due to a unique species each of which strongly favors ⌬vϭ0 Franck-Condon factors in the intermolecular modes. Transitions in the hole-burning spectra of Figs. 6͑c͒ and 6͑e͒ are assigned as isomers of the BW 9 cluster and will be discussed elsewhere. 86 The hole-burning spectrum shown in Fig. 6͑d͒ is assigned to the ϩ66.5 cm Ϫ1 isomer of BW 8 ͓i.e., BW 8 (I)͔. Hole-burning spectroscopy could not be fruitfully applied to the other BW 8 isomer in this mass channel due to its lower intensity and the nearby spectral congestion ͓Fig. 6͑a͔͒.
In the context of this paper, the two sets of doublets labeled 1 and 2 are of most consequence. These are the 6 0 ͒, and relative intensity as the transitions due the two BW 8 isomers. This suggests a structural similarity between the BW 8 and B 2 W 8 clusters.
C. RIDIR spectra
Overview RIDIR spectra of the BW 8 and B 2 W 8 isomers in the OH and CH stretch region of the infrared are shown in Figs. 7͑a͒-7͑d͒ . The RIDIR spectra of the two isomers of BW 8 ͓Figs. 7͑a͒ and 7͑b͔͒ were obtained by monitoring the BW 6 ϩ mass channel with the R2PI laser tuned to transitions A and B, respectively, of Fig. 5 . The analogous transitions in B 2 W 8 ͓1 and 2 in Fig. 6͑a͔͒ were used to record the RIDIR spectra of Figs. 7͑c͒ and 7͑d͒ , respectively, while monitoring the BW 7 ϩ ion signal. The frequencies, full width at half maximum ͑FWHM͒, and approximate power-normalized, integrated intensities for each kind of OH stretch vibration are given for the four species in Table II . The OH stretch absorptions in Fig. 7 , essentially unshifted from their values in free benzene.
The simplicity and striking similarities of the IR spectra of Fig. 7 suggests that a common H-bonding topology is shared by the water molecules in these clusters. In the two isomers of BW 8 , the most significant difference is found in the double-donor region near 3550 cm
Ϫ1
, where there are two resolved, intense bands in Fig. 7͑a͒ and only one in Fig.  7͑b͒ . This difference is a distinguishing signature for the two isomers. A more subtle difference is found in the singledonor region, where the highest-frequency single-donor band is more intense in Fig. 7͑b͒ than in Fig. 7͑a͒. A comparison of the RIDIR spectra of the two isomers of BW 8 with those previously reported 4, 47 for BW 6 and BW 7 shows the BW 8 spectra to be surprisingly simple. The BW 6 and BW 7 clusters are the smallest BW n clusters which possess a three-dimensional H-bonded network containing double-donor water molecules. In both BW 6 and BW 7 , the distinction between double-donor and single-donor bands is blurred, with transitions appearing throughout the region from 3600 to 3000 cm
. In both isomers of BW 8 , by contrast, the single-donor transitions appear between 3050 and Transitions were unresolved at the resolution of the OPO system ͑2 cm Ϫ1 ͒.
, leaving a 300 cm Ϫ1 gap between double-donor and single-donor transitions. Furthermore, the double-donor regions of BW 6 and BW 7 have a series of similar-intensity bands, unlike the present BW 8 spectra, which are dominated by the bands at 3550 cm
. As we shall see shortly, the apparent simplicity of the BW 8 infrared spectra reflects the high symmetry of the W 8 structure in the cluster.
The RIDIR spectra of the two B 2 W 8 isomers ͓Figs. 7͑c͒ and 7͑d͔͒ bear a strong resemblance to their BW 8 Fig. 7͑a͒, and Fig.  7͑d͒ the same unresolved single feature as found in Fig. 7͑b͒ .
The free and H-bonded OH stretch regions show most directly the effects of the second benzene molecule. In both Figs. 7͑c͒ and 7͑d͒, the addition of the second benzene increases the intensity of the C-H stretch fundamentals ͑3048 and 3100 cm Ϫ1 ͒, consistent with the assignment to B 2 W 8 . At the same time, by comparison to the BW 8 spectra, the B 2 W 8 spectra swap intensity in the free OH stretch region in favor of an additional band in the H-bonded OH region. It would seem a firm conclusion, then, that the second benzene H-bonds to another of the free OH groups in the W 8 subcluster. Finally, the single-donor region of the B 2 W 8 isomers' spectra differs from their BW 8 counterparts in shifting the absorptions in such a way that only two resolved bands are now observed, with the highest frequency band more intense in Fig. 7͑d͒ than in Fig. 7͑c͒ .
D. Theoretical results
Structures and binding energies
The computed lowest-energy structures for the D 2d and S 4 forms of W 8 and their complexes with benzene are shown in Fig. 8 . Their key structural parameters are given in Table  III, while Table IV reports their dipole moments, rotational constants, and binding energies. Unless noted otherwise, this discussion will focus on the results obtained with the 6-31 ϩG(d)/6-31G(d) basis set. The atom numbering scheme used in Table III is given in Fig. 8 . Additional material about the structures of W 8 and BW 8 are found in E-PAPS form. 87 In agreement with earlier theoretical studies, 8, 13, 16, 17, 20 the D 2d and S 4 forms of W 8 are found to be nearly isoenergetic ͑Table IV͒, with the D 2d form being predicted to be about 0.06 kcal/mol more stable than the S 4 form in the absence of corrections for vibrational zero point energy ͑ZPE͒, but with the S 4 form being more stable by 0.11 kcal/ mol when ZPE corrections are included. The ZPE's were calculated using the computed harmonic vibrational frequencies. 87 Both the S 4 and D 2d BW 8 isomers ͓Figs. 8͑c͒ and 8͑d͒, respectively͔ have calculated minimum-energy structures in which benzene attaches to the W 8 cube via a H-bond which distorts, but does not break up, the cubic H-bonding network. The distortion induced by benzene is greatest in the vicinity of the water molecule bonded to the ring. In particular, the water to which the benzene is attached becomes a better OH acceptor ͑shrinking the O-O distances by about 0.030 Å͒ and poorer OH donor ͑increasing the O-O distance by about the same amount͒ as a result of the interaction with the benzene ring. Figure 9 and Table V summarize the calculated OH stretch spectra for the S 4 and D 2d forms of W 8 ͓Figs. 9͑a͒ and 9͑c͔͒ and BW 8 ͓Figs. 9͑b͒ and 9͑d͔͒. In discussing these results, use will be made of the frequency shifts obtained by subtracting the mean of the harmonic frequencies ͑3792.2 cm Ϫ1 ͒ of the symmetric and antisymmetric stretch modes of the water monomer ͑calculated at the same level of theory͒ from the calculated OH stretch frequencies of the W 8 and BW 8 species. 4, 11, 88 As anticipated from the structures, the OH stretch frequencies of the S 4 and D 2d forms of W 8 separate into three regions associated with vibrations of the free OH, singledonor OH, and double-donor OH groups. Analysis of the normal modes indicates that this separation is near complete, with greater than 98% of the OH stretch amplitude isolated on the OH groups of the indicated type. Due to the high symmetry of the W 8 structures, the normal modes are completely delocalized over the OH groups of a given type, with each vibration differing from the others in its class in the relative phases of the oscillations of the OH groups. The four free OH vibrations have small ͑ϳ18 cm Ϫ1 ͒ frequency shifts, are nearly degenerate, and have low IR intensities. The four single-donor OH stretch modes, with their strong, linear Hbonds, have large frequency shifts ͑Ϫ578 to Ϫ674 cm Ϫ1 ͒. In the D 2d isomer, it is the highest-frequency single-donor mode, which is nondegenerate, which carries all the infrared intensity. In the S 4 isomer, the highest-frequency singledonor mode is doubly degenerate, but the pair of modes carries the same integrated intensity as its nondegenerate D 2d counterpart. important consequences for the OH stretch IR spectrum. The three of the free OH stretch modes not involved in Hbonding are virtually unchanged from their values in W 8 . In contrast, the frequency of the OH H-bonded to the benzene ring is shifted down in frequency by about 65 cm Ϫ1 relative to the frequencies of the free OH stretch modes of the bare W 8 clusters. Moreover, this mode is highly localized and has an intensity comparable to the sum of the remaining three free OH vibrations.
Vibrational spectra
The minor distortions induced in the W 8 cubes by benzene produce normal modes with an unequal sharing of the vibrational amplitudes amongst the OH groups of a given type. Nevertheless, the modes retain their classification as double-donor or single-donor vibrations. The partial localization causes a splitting of the degenerate W 8 modes and induces infrared intensity in other vibrations which were previously forbidden ͑Fig. 9͒. Because benzene attaches to a single-donor water molecule, the single-donor region is most affected by these changes. In the double donor region, the degenerate D-a modes of W 8 (D 2d ) and W 8 (S 4 ) are split by benzene, but by only 17 and 9 cm Ϫ1 , respectively.
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E. The comparison between experiment and theory
In order to compare with the experimental RIDIR spectra of the two isomers of BW 8 , the computed IR frequencies and intensities from Figs. 9͑b͒ and 9͑d͒ are given Gaussian widths which match the experimental widths of the OH stretch fundamentals. Figures 10͑c͒ and 10͑d͒ report the computed spectra for BW 8 First, the computed spectra mirror the simplicity of the experimental spectra and their clean separation into free, , double-donor and single-donor transitions, including the more than 300 cm Ϫ1 gap between single-donor and doubledonor transitions. Neither the C 2 or C i cubic W 8 structures nor any noncubic W 8 structures can reproduce these general features of the BW 8 spectra. Secondly, the computed spectra correctly reproduce the characteristic differences between the two isomers in the double-donor region. In particular, the spectrum calculated for BW 8 (S 4 ) ͓Fig. 10͑c͔͒ reproduces the experimental doublet in the D-a region of Fig. 10͑a͒ , while that for BW 8 (D 2d ) ͓Fig. 10͑d͔͒ possesses a single, unresolved D-a feature, as in Fig. 10͑b͒ . Third, the calculated spectra faithfully mirror the benzene-induced splittings observed in the single-donor region, including the greater intensity of the highest-frequency single-donor transition in Fig. 10͑b͒ than in Fig. 10͑a͒ . On the basis of these considerations, we assign the spectrum of Fig. 10͑a͒ to BW 8 (S 4 ) and that in Fig. 10͑b͒ to BW 8 (D 2d ) . The corresponding UV spectra for BW 8 (S 4 ) and BW 8 (D 2d ) are shown in the UV-UV hole-burning spectra of Figs. 5͑b͒ and 5͑c͒, respectively.
We have not carried out calculations on the B 2 W 8 clusters due to the large CPU times which would have been required. However, the assignment of the two isomers of BW 8 as BW 8 (S 4 ) and BW 8 (D 2d ) suggests an analogous assignment for the two isomers of B 2 W 8 . In particular, the isomer responsible for the ultraviolet spectrum of Fig. 6͑b͒ and the RIDIR spectrum of Fig. 7͑c͒ is assigned as B 2 W 8 (S 4 ). The isomer with ultraviolet transitions labeled 2 in Fig. 6͑a͒ and with the RIDIR spectrum of Fig. 7͑d͒ is  assigned as B 2 W 8 (D 2d ) . The distinction between S 4 and D 2d As noted earlier, the free OH and H-bonded OH stretch regions of the B 2 W 8 isomers can be consistently assigned by assuming that the second benzene takes up a position H-bonded to a second of the free OH groups on W 8 (S 4 ) and W 8 (D 2d ). This assignment accounts both for the transfer of intensity from the free OH to the H-bonded OH region and the appearance of two H-bonded OH stretch fundamentals. In this picture, the two benzene molecules of B 2 W 8 could take up positions either on the same or opposite tetramer cycles. The present data cannot distinguish between these possibilities. From the UV-UV hole-burning spectrum of B 2 W 8 (S 4 ) in Fig. 6͑b͒ , the doublet near 40 cm In order to test the proposed structures for the B 2 W 8 isomers, the normal modes of W 8 and BW 8 from the DFT calculations were used in a restricted normal coordinate analysis involving the set of sixteen OH bond internal coordinates. By projecting the DFT OH stretch normal modes onto the OH internal coordinates, effective OH stretch force constant matrices for W 8 and BW 8 were extracted and compared, thereby determining a force constant difference matrix ⌬F. 88 A comparison of the two revealed that the major effects of benzene complexation were on the diagonal force constant matrix elements associated with the four OH groups pointing toward or away from the corner of the cube to which benzene is attached. To model the effects of the second benzene molecule, the force constant matrix for the BW 8 isomers was modified by adding to it the appropriate ⌬F matrix corresponding to each of the possible points of attachment of the second benzene relative to the first. The best match with experiment is achieved for structures in which the two benzene molecules are placed on adjacent free OH groups on the same tetramer cycle ͓Figs. 11͑a͒ and 11͑b͔͒. The simulated spectra for B 2 W 8 (S 4 ) and B 2 W 8 (D 2d ) are shown in Figs. 12͑a͒ and 12͑b͒ , respectively. The model, then, provides some evidence for the proposed structures for B 2 W 8 shown in Fig. 11 .
IV. DISCUSSION
The result anticipated by theory; namely, that the two lowest-energy structures for the water octamer are two nearly isoenergetic cubic structures of S 4 and D 2d symmetry, is (D 2d ) isomers presented a special challenge to experiment, since they are not only the same size, but also possess near-identical H-bonding topologies ͑cubic͒ which differ primarily in the arrangement of the H-bonds. By attaching a benzene molecule to the surface of these structures and employing a combination of R2PI, UV-UV hole-burning, and RIDIR spectroscopy it has been possible to distinguish the UV spectra of the isomers and to record their OH stretch infrared spectra free from interference from one another. 
A. The comparison with bulk and interfacial ice
The S 4 and D 2d cubic forms of the water octamer foreshadow some of the unique and intriguing aspects of solid ice. In particular, ice possesses more crystalline solid phases than any other known pure substance.
1 This is the case despite the fact that the water molecules in all of these phases are in locally tetrahedral sites, serving as proton donor in two H-bonds and acceptor in two others. Unique structures can be formed by shuffling the hydrogens in a water lattice without significant changes in the oxygen atom positions, leading to orientational disorder in the crystal. In fact, the ice III and ice IX phases are, respectively, orientationally disordered and ordered versions of the same structure, with a phase transition between them which occurs without a measurable change in volume or x-ray diffraction pattern. 1 The S 4 and D 2d forms of the water octamer show that a similar versatility is present already in water clusters with as few as eight water molecules.
As noted in the introduction, the cubic S 4 and D 2d water octamers contain only tri-coordinate water molecules: Four with AAD ͑i.e., having one ''dangling H''͒ and four with ADD bonding ͑i.e., having one uncoordinated oxygen lone pair͒. These H-bond deficient sites on the cluster are reminiscent of similar sites on the surface of bulk ice, where they are thought to be important for the binding of adsorbates to ice and the ensuing chemistry on its surface. Recently, Devlin, Buch, and co-workers [22] [23] [24] [25] [26] have carried out an elegant set of studies in which they have assigned infrared spectral features of the surface and sub-surface layers of ice. These authors identify characteristic absorptions due to tri-coordinate AAD and ADD molecules, including a free OH at 3693 cm Ϫ1 and a single-donor OH at 3100 cm Ϫ1 for the AAD 44 Thus, it appears that water clusters as small as the water octamer possess infrared absorptions similar to those of tricoordinate water molecules at the surface of ice. This raises the prospect of using water clusters as models for processes occuring at ice surfaces.
One must not surmise on this basis that all double-donor water molecules will absorb in the region near 3550 cm
Ϫ1
. On the contrary, in ice Ih, all water molecules are tetra coordinated and double donor, but only a single maximum near 3200 cm Ϫ1 is present. In this case, the locally tetrahedral geometry allows strong, nearly linear H-bonds with large frequency shifts from the free OH region. Fig. 11 . The simulated spectra show the expected behavior, trading intensity in the free OH for intensity in the H-bonded OH region. The two H-bonded OH stretch frequencies are necessarily identical in the simulation, and do not mirror the small splitting of the fundamentals observed experimentally. The single donor region is also qualitatively reproduced, though the intensities are not quantitatively correct. See the text for further details of the calculation. 8 ). To date, the largest shift due to H-bond formation between benzene and a water cluster is found in the BW 7 cluster ͑Ϫ72 cm Ϫ1 ͒, 4 still well short of that in interfacial ice.
B. H-bonding in BW
The 7 cm Ϫ1 intermolecular vibrational frequency observed in the R2PI spectra of both isomers is consistent with the notion of a floppy intermolecular coordinate, probably involving B¯W 8 libration. Furthermore, the H-bonded OH stretch fundamental from the RIDIR spectroscopy consists of two partially resolved transitions separated by about 10 cm
Ϫ1
. One plausible explanation for this doublet would be to ascribe it to large-amplitude motions ͑LAMs͒ of the bound OH as W 8 undergoes its zero-point motion. In the 1:1 benzene-H 2 O complex, the OH stretch infrared spectrum showed extensive combination-band structure due to the LAMs present in the complex. 58 A similar mechanism for inducing intensity in a low-frequency librational combination band may be operating in the BW 8 clusters.
C. The dynamics of H-bonded networks
The dynamics of the H-bonded network is also reflected in the mode-selective breadths of the individual bands, which are included in Table II . Given the bandwidth of our OPO ͑ϳ1.5 cm Ϫ1 ͒, the inherent breadths observed for the free OH stretch and H-bonded OH stretch transitions are not determined. Nevertheless, these bands are clearly several times narrower than the double-donor and single-donor vibrations, whose approximate widths are given in Table II . Given the close correspondence between the experimental and calculated OH stretch spectra, these widths ͑especially in the single-donor region͒ cannot be ascribed to unresolved OH stretch bands, since essentially all bands are accounted for. Instead, one must conclude that the single-donor and doubledonor modes that are intimately involved in the H-bonded network are more strongly coupled to the background states than are the modes associated with the OH groups that are peripheral to the cube. If coherently prepared, the vibrational relaxation into this bath would occur on a time scale of about 300 fs.
D. Coating, trapping, and expanding the cube
Several avenues for future study are raised by the present work. First, given the structures deduced for BW 8 and B 2 W 8 , one wonders whether it might be possible to cap all four free OH groups with benzene, thereby coating its surface with benzene. Such a B 4 W 8 structure would be anticipated on symmetry grounds to have a spectrum very close to that of free W 8 , but with all free OH transitions removed in favor of additional H-bonding intensity. The beauty of this structure would alone be sufficient justification for pursuing its study.
Second, the recent x-ray crystallagraphic identification 90 of a cubic W 8 cluster of C i symmetry trapped in a molecular cavity opens the possibility of devising similar cavities with H-bonding groups positioned so as to trap other of the fourteen W 8 cubic structures, including W 8 (S 4 ) and W 8 (D 2d ). Finally, given the unique stability of the cubic structures, it is not surprising that these structures can be expanded to accommodate additional water molecule͑s͒ in similarly stable structures. We will report elsewhere on two isomers of BW 9 which have spectra consistent with precisely such structures. 86 The recent, elegant work of Buck and co-workers 44 on the free W 9 and W 10 clusters are also interpreted as arising from similar structures. Whether even larger clusters will favor fused cubic structures over other Hbonded networks is a completely open question deserving future study.
